INTRODUCTION
============

> "Darwin would have loved DNA."
>
> Bromham (2009)

Introductory textbooks for biology majors (e.g., [@B11]) typically contain 1000 pages, 2000 terms, and hundreds of concepts. Obviously, no student can learn all of this during a conventional two-semester sequence of introductory biology. Therefore, one of the most important roles of an instructor is to determine which concepts in the book students need to learn. Every instructor will select and emphasize different topics, but some concepts are so useful that almost every instructor will include them. Three such topics include: the relationship between organism form and function, the role of DNA in inheritance, and the theory of evolution. The inclusion of evolutionary theory in such a list is incontrovertible. [@B22] famously argued that "nothing in biology makes sense except in the light of evolution" and best-selling textbook author Neil Campbell ([@B11], p. 3) described evolution as the "overarching theme of biology."

Despite the central importance of evolution to biology, college students frequently do not understand evolution---especially the cause of most evolutionary change, natural selection ([@B10]; [@B74]; [@B1]; [@B56]). In our experience, many college instructors are quick to blame religion, but several studies have shown this is not the case ([@B6]; [@B19]; [@B38]). Natural selection is an inherently difficult process for students to grasp. "It is almost if", as [@B16], p. xi) wrote, "the human brain were specifically designed to misunderstand Darwinism." Natural selection may be a simple concept---even a "staggeringly" simple one ([@B15], p. xvi)---but this does not mean it is easy to grasp. Newton\'s laws of motion are also simple but are notoriously difficult for undergraduate students to comprehend (e.g., [@B30]) because many students have everyday notions about physics that are not correct.

Three decades of research clearly shows many students have fundamental misconceptions regarding how natural selection works (for review, see [@B27]). Surveys have documented a diverse array of misconceptions (e.g., [@B57]; see [table 2](#T2){ref-type="table"}), but the most common are variations of the belief that individuals evolve. Students believe that individual organisms change, and then pass on traits acquired during their lifetime to their offspring. Students frequently cite three agents of such change: the use or disuse of body parts, the needs or desires of individuals (or the species), and the direct effect of the environment ([@B10]; [@B6]; [@B3]; [@B57]). For example, many students, like [@B45], p. 122), believe that giraffes have long necks because previous generations of giraffes strained their necks to feed in tall trees, and passed lengthened necks to their offspring. [@B48] called such genetic changes "soft" inheritance, which he contrasted with "hard" inheritance---the idea that genes are passed unchanged from one generation to the next.

Student difficulty in understanding the genetic basis of natural selection is understandable; soft inheritance is consistent with everyday experiences with growth and reproduction. Students see that people\'s bodies are affected by use and disuse, and see that children tend to be similar to their parents. Together, these observations suggest that traits acquired during the lifetime of an individual can be inherited. The history of genetics (for a book-length review, see [@B48]) shows many evolutionary biologists struggled with these ideas and that even Darwin was not immune to them. In fact, chapter 5 of *On the Origin of Species* contains the surprising statement, "There can be little doubt that use in our domestic animals strengthens and enlarges certain parts and disuse diminishes them; and that such modifications are inherited." Uncertainty regarding the nature of inheritance and mutations continued from the publication of *On the Origin of Species* in 1859 almost up to the discovery of the structure of DNA in 1953, and this controversy postponed acceptance of natural selection as the principal cause of natural selection for 80 yr ([@B48]).

Perhaps because they are plausible, student misconceptions regarding natural selection (and other natural phenomena) are very resistant to instruction (for reviews, see [@B76]; [@B71], [@B27]). Simply telling students the correct explanation for a phenomenon is unlikely to be effective, and even the best traditional instruction is unlikely to have an impact on students\' misconceptions ([@B30]). This is because students do not learn by passively accumulating knowledge presented to them. Students learn by integrating new knowledge with their existing knowledge ([@B62]; [@B8]), and if their existing knowledge is not compatible with scientific information, misconceptions can interfere with students\' ability to understand new information.

To have a fighting chance of correcting student misconceptions, instructors must specifically design instruction to address misconceptions. However, even such instruction is likely to be only partially effective. For example, [@B6] documented that half of the students in an Introductory Biology course left the course with misconceptions regarding natural selection---even though lectures and laboratory exercises were specifically designed to refute misconceptions ([@B6]). [@B56] found that 70% of biology majors had at least one misconception regarding natural selection---even though the instructors emphasized evolution as a theme running throughout the course, and relied extensively on active-learning exercises to promote a deep understanding.

Darwin developed the theory of natural selection despite having substantial misconceptions regarding inheritance, and [@B21] managed to explain the genetic basis of evolution without knowing what DNA was, but these insights required extraordinary perception and years of effort ([@B50]). It would be unfair to expect such insight from undergraduate students, but, to some extent, this is what introductory biology textbooks ask of students. As we will review below, introductory biology textbooks do not illustrate how natural selection works at the molecular level; genes are treated as abstract units of inheritance. We believe that the absence of DNA from evolution instruction helps perpetuate student misconceptions regarding evolution, and the thesis of this paper is that students would understand evolution better if instructors made the genetic basis of evolution explicit at the DNA sequence level---ideally as part of a curriculum specifically designed to correct student misconceptions. In this essay, we discuss how and why DNA sequences should be used to illuminate natural selection, contrast this with how textbooks typically cover evolutionary genetics, and provide examples of gene sequences and classroom activities that instructors can use. We devote most of our discussion to natural selection but we also discuss speciation and macroevolution toward the end of this essay.

TEACHING FOR CONCEPTUAL CHANGE
==============================

Students are more likely to replace misconceptions with a scientifically supported view of the world when educators use instructional techniques specifically designed for this goal. The instructional techniques that are useful for correcting student misconceptions regarding natural selection are useful for correcting misconceptions in any subject. Therefore, we first discuss general classroom practices that can be used for teaching for conceptual change, and then we discuss how these practices can be applied to teach natural selection to introductory biology students.

Identifying the most effective instructional practices for correcting student misconceptions is an active field of research ([@B80]), and there are several different instructional approaches for helping students to change misconceptions. However, all approaches agree that instructors must take students\' prior knowledge into account and help students integrate new knowledge with their existing knowledge ([@B20]; [@B55], see chapter 1; [@B76]). Three specific instructional strategies (described below) have been identified as useful for what is often called "teaching for conceptual change."

Elicit Students\' Ideas throughout Instruction
----------------------------------------------

Teaching for conceptual change requires working directly with students\' ideas. Instructors, therefore, should first elicit students\' pre-existing ideas when introducing a new topic ([@B34]). This helps students recognize and articulate their own conceptions (which is the first step in changing them). While eliciting ideas from students, instructors should provide opportunities for students to hear and read the ideas of their peers. This will frequently reveal a diversity of contrasting ideas, which will "suggest the need to choose between them" ([@B34], p. 203). Also, instructors should monitor what students say and write throughout instruction. Because misconceptions are resistant to change ([@B63]), formative assessment (ongoing, often informal, assessment for the purpose of improving teaching and learning; see [@B8]) is useful for determining whether instruction is successful.

Create Situations That Challenge Students\' Misconceptions
----------------------------------------------------------

One strategy for correcting misconceptions is to challenge them directly by "creating cognitive conflict," presenting students with new ideas that conflict with their pre-existing ideas about a phenomenon ([@B69]). Strategies for creating cognitive conflict include presenting phenomena that cannot be adequately explained by their misconceptions, having students conduct experiments to test hypotheses, asking students to develop multiple explanations for phenomena and then evaluate pros and cons of each, and asking questions that reveal weaknesses in students\' ideas ([@B58]; [@B81]; [@B29]; [@B34]).

Emphasize Conceptual Frameworks Rather Than Rote Memorization of Facts
----------------------------------------------------------------------

Students are more likely to note inconsistencies between their misconceptions and new information if they go beyond rote memorization and engage in meaningful learning, whereby they attempt to make connections between new and old information ([@B8]). Instructors can help students organize knowledge in a conceptual framework by explicitly pointing out such connections. Conceptual frameworks integrate knowledge of facts and of concepts, and require deep understanding of concepts. This means instructors should teach key concepts in depth and have students study multiple examples of a concept that are rich with factual information ([@B13]; [@B8]; [@B53]).

TEACHING NATURAL SELECTION FOR CONCEPTUAL CHANGE
================================================

The general approach for teaching for conceptual change outlined in the preceding section is useful for addressing student misconceptions regarding natural selection; however, instructors should be forewarned that teaching for conceptual change in an evolution classroom may not be as easy as for other courses. A physics instructor might use a classroom demonstration to convince students that heavy objects do not fall faster than less heavy objects, but evolution instructors do not have this luxury. Natural selection is too slow to observe in the classroom, and DNA is invisible to the naked eye. Because of this, convincing students that evolution does not proceed via the inheritance of acquired traits requires getting students to reassess their beliefs.

Of the three teaching for conceptual change instructional strategies described above, the easiest to implement is eliciting student ideas. Open-ended questions are excellent for getting students to express misconceptions, and an appropriate question is almost guaranteed to bring forth a wide range of misconceptions. For example, if asked how cheetahs evolved to run fast, many students will report that cheetahs became faster because they needed to catch prey ([@B6]). The challenge for teaching natural selection is to help students understand that evolution does not work this way.

Cognitive conflict can be effective for changing how students understand the natural world; the challenge is how to create it. One possible approach for teaching natural selection would be to show students experimental data that refutes soft inheritance. The difficulty with this strategy is that finding a definitive experiment is difficult; decades of experiments in the late nineteenth and early twentieth centuries were unable to unequivocally determine whether acquired traits could be inherited ([@B48]; for a review of what was known about the inheritance of acquired traits in the early twentieth century, see [@B54]). Nonetheless, two historic experiments may be useful for countering student misconceptions concerning the role of disuse in evolution. [@B60] raised 49 generations of fruit flies in the dark and found no evidence that their eyes weakened during this time, and [@B83] cut the tails off of five generations of mice and observed no changes in the tails of their offspring. These experiments both tested the effect of disuse of body parts upon subsequent generations. Many students believe that animals evolve body structures because they use them frequently, and the experiments of Payne and Weisman do not test this hypothesis. Despite this shortcoming, [@B39] showed that a historically rich curriculum that discussed Lamarckian evolution and these specific two experiments increased understanding of natural selection and decreased misconceptions compared with a less historically rich curriculum.

Because there are no definitive experiments that refute soft inheritance, the most effective approach for dealing with student misconceptions regarding natural selection may be to help students make connections between evolution and genetics---two of the most important concepts in biology. If students build a conceptual framework that connects genetics and natural selection, they should realize that soft inheritance is inconsistent with their understanding of DNA\'s role in inheritance. This is the central strategy for teaching natural selection that we advocate in this essay. Showing students the DNA sequence of adaptive (or maladaptive) traits should help students realize that use or disuse of a body part will not change the nucleotide sequence of a gene, and that mutations caused by UV radiation or errors in DNA replication are unlikely to cause the specific genetic change that would benefit an individual.

Examples are essential for students to understand concepts ([@B55]), so instructors should routinely show students nucleotide sequences that affect traits being discussed. Exposing students to multiple examples of a concept promotes better understanding, and enhances students\' abilities to apply the concept to new scenarios (e.g., [@B53]). In addition, study of multiple examples increases the chance of students identifying and overcoming persistent misconceptions ([@B51]).

TEXTBOOK COVERAGE OF NATURAL SELECTION
======================================

> "It is probable ... that writers of books on evolution ten or twenty years hence will ... begin by describing the nature of the physical basis of inheritance, its modes of change by mutation ..., its remarkable uniformity in all cellular organisms, and its important variations in detail. They will then point out how the nature of this mechanism governs or limits the evolutionary process ..."
>
> Huxley (1943)
>
> , p. 126

Up to this point, we have argued that students learning natural selection need to see the DNA sequence of the genes that affect fitness in order to recognize that individuals do not evolve. To support this claim, we argued that student misconceptions regarding natural selection are frequently based on a misunderstanding of genetics and that correcting these misconceptions requires making conceptual connections between genetics and evolution. We have argued that discussing examples of genes under selection is an effective way to accomplish this. Next, we will examine whether introductory biology textbooks do this.

Given the importance of understanding inheritance for understanding evolution, we might expect, as Huxley did in 1943, that textbooks would emphasize the physical basis of inheritance and would "point out how the nature of this mechanism governs or limits the evolutionary process." To determine whether textbooks do this or not, we examined three widely used college textbooks: *Biology* by [@B11], *Biological Science* by [@B23], and *Life* by [@B68]. For each textbook, we noted how genetic variation at the DNA sequence level was related to natural selection.

The three books that we examined had similar treatments of evolution---at least for our purposes---so we restrict our discussion here to *Biology*, because it is the most widely used biology textbook in the United States. *Biology* is an introductory biology text for biology majors. It is divided into eight units, one of which is "Mechanisms of Evolution." This unit has four chapters: "A Darwinian view of life," "The evolution of populations," "The origin of species," and "The history of life on earth." Natural selection is covered in the first of these chapters. The chapter clearly articulates that the requirements for evolution by natural selection include the following: 1) There is variation in a population for a trait; 2) Differences among individuals for the trait are heritable; and 3) Individuals with favorable traits are more likely to survive or reproduce. *Biology* clearly states that traits must be "heritable" for natural selection to work, and this point is repeated five times within two pages (pp. 458 and 459).

The remaining three chapters in the unit on evolutionary mechanisms discuss many genetic topics. For example, the first "key concept" in the next chapter is that mutation and recombination produce genetic variation, which makes evolution possible. Numerous other genetic topics are explored in the evolution unit. These include the following: gene pools, allele frequencies, Hardy--Weinberg equilibrium, genetic bottlenecks, genetic drift, gene flow, relative fitness, good genes theory, heterozygote advantage, frequency-dependent selection, neutral genetic variation, polyploidy, hybrid zones, speciation, self-replicating RNA, and evolutionary aspects of development. The unit covers almost the full breadth of evolutionary biology and has a strong emphasis on genetics. However, the entire evolution unit does not contain a single DNA sequence! The evolution unit was written as if Watson and Crick never discovered the structure of DNA or the human genome was never sequenced. Genes are treated as abstract entities located on chromosomes---just as Dobzhansky struggled to understand them in 1937. This is regrettable, because students are known to have difficulty understanding the genetic basis of evolution. It is also inexplicable; the first chapter of *Biology* indicates that "heritable information in the form of DNA" is one of the main themes that unifies the book.

DNA SEQUENCES TO INCORPORATE INTO LECTURES
==========================================

As shown above, widely used introductory biology textbooks do not use examples of DNA sequences to illustrate the genetic basis of evolution. If textbooks are a reliable indicator of how evolution is taught in the United States---and we suspect that they are---many students will not see a single example of a gene while studying evolution. This is a pity, because the evolutionary genetics literature is filled with fascinating examples of molecular evolution that could be used to present students with the data that support scientific explanations of natural selection and to make connections between genetics and evolution. The literature is sufficiently rich that there is no reason that instruction cannot provide students with multiple examples of selection at work. Here, we briefly describe six genes that have been under selection.

Coat Color in Oldfield Mice
---------------------------

Coat color in the oldfield mouse, *Peromyscus polionotus*, provides a fine example of adaptation at the molecular level. Oldfield mice live in the southeastern United States, and there are eight extant subspecies: a wide-ranging mainland subspecies and seven coastal subspecies that each inhabit a short section of the Gulf or Atlantic Coast. Coat coloration varies considerably among subspecies ([@B73]) and tends to match the color of the soil on which the mice live ([@B5]). The mainland subspecies, *P. p. subgriseus*, lives on the darkest soils and has the darkest fur. The Santa Rosa Island subspecies, *P. p. leucocephalus*, lives on brilliant white sand dunes and has the lightest fur (for a PowerPoint slide depicting this variation, see [@B35]). Owl predation experiments show that mice are less likely to be caught by owls when they are on their native soils ([@B43]).

The light coloration of the Santa Rosa Island mice can be attributed to a single amino acid change in melanocortin-1 receptor (*Mc1r*) ([@B35]), a gene that plays an important role in hair coloration in mammals ([Table 1](#T1){ref-type="table"}). Virtually all mice on Santa Rosa Island have a light-colored *Mc1r* allele. A survey of 14 other species of *Peromyscus* showed that none of the other species have this allele, suggesting that the mutation for light fur occurred on Santa Rosa Island. Instructors could use this example in many ways; we like to ask our students what a field mouse with dark fur living on white sand dunes could do to lighten her coat or the coat of her offspring. The answer: nothing.

###### 

*Mcr1* DNA sequences for oldfield mice[^a^](#TF1-1){ref-type="table-fn"}

                          10                                                                                                                                                                                                                                                                   20    30    40    50    60    70    80    90
  ----------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----- ----- ----- ----- ----- ----- ----- -----
  *P. p. subgriseus*      `ATGCCCACCCAGGGGCCTCAGAAGAGGCTTCTGGGTTCTCTCAACTCCACCTCCACAGCCACCCCTCACCTTGGACTGGCCACAAACCAG`                                                                                                                                                                                                                   
  *P. p. leucocephalus*   `. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .`                                              
                          100                                                                                                                                                                                                                                                                  110   120   130   140   150   160   170   180
  *P. p. subgriseus*      `ACAGGGCCTTGGTGCCTGCAGGTGTCTGTCCCGGATGGCCTCTTCCTCAGCCTGGGGCTGGTGAGTCTGGTGGAGAATGTGCTGGTCGTG`                                                                                                                                                                                                                   
  *P. p. leucocephalus*   `. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .`                                             
                          190                                                                                                                                                                                                                                                                  200   210   220   230   240   250   260   270
  *P. p. subgriseus*      `ATAGCCATCACCAAAAACCGCAACCTGCACTCGCCCATGTATTCCTTCATCTGCTGTCTGGCCCTGTCTGACCTGATGGTGAGTATAAGC`                                                                                                                                                                                                                   
  *P. p. leucocephalus*   `. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .`                                             
                          280                                                                                                                                                                                                                                                                  290   300   310   320   330   340   350   360
  *P. p. subgriseus*      `TTGGTGCTGGAGACGGCTATCATCCTGCTGCTGGAGGCAGGGGCCCTGGTGACCCGGGCCGCTTTGGTGCAACAGCTGGACAATGTCATT`                                                                                                                                                                                                                   
  *P. p. leucocephalus*   `. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .`                                             
                          370                                                                                                                                                                                                                                                                  380   390   400   410   420   430   440   450
  *P. p. subgriseus*      `GACGTGCTCATCTGTGGCTCCATGGTGTCCAGTCTTTGCTTCCTTGGTGTCATTGCCATAGACCGCTACATCTCCATCTTCTATGCATTA`                                                                                                                                                                                                                   
  *P. p. leucocephalus*   `. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .`                                             
                          460                                                                                                                                                                                                                                                                  470   480   490   500   510   520   530   540
  *P. p. subgriseus*      `CGTTATCACAGCATTGTGACGCTGCCCCGGGCACGACGGGCCATCGTGGGCATCTGGGTGGCCAGCATCTTCTTCAGCACCCTCTTTATC`                                                                                                                                                                                                                   
  *P. p. leucocephalus*   `. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .`                                             
                          550                                                                                                                                                                                                                                                                  560   570   580   590   600   610   620   630
  *P. p. subgriseus*      `ACCTACTACAACCACACAGCCGTCCTAATCTGCCTTGTCACTTTCTTTCTAGCCATGCTGGCCCTCATGGCAATTCTGTATGTCCACATG`                                                                                                                                                                                                                   
  *P. p. leucocephalus*   `. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .`                                             
                          640                                                                                                                                                                                                                                                                  650   660   670   680   690   700   710   720
  *P. p. subgriseus*      `CTCACCCGAGCATACCAGCATGCTCAGGGGATTGCCCAGCTCCAGAAGAGGCAGGGCTCCACCCGCCAAGGCTTCTGCCTTAAGGGTGCT`                                                                                                                                                                                                                   
  *P. p. leucocephalus*   `. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .`                                             
                          730                                                                                                                                                                                                                                                                  740   750   760   770   780   790   800   810
  *P. p. subgriseus*      `GCCACCCTTACTATCATTCTGGGAATTTTCTTCCTGTGCTGGGGCCCCTTCTTCCTGCATCTCACACTCATCGTCCTCTGCCCTCAGCAC`                                                                                                                                                                                                                   
  *P. p. leucocephalus*   `. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .`                                             
                          820                                                                                                                                                                                                                                                                  830   840   850   860   870   880   890   900
  *P. p. subgriseus*      `CCCACCTGCAGCTGCATCTTTAAGAACTTCAACCTCTACCTCGTTCTCATCATCTTCAGCTCCATCGTCGACCCCCTCATCTATGCTTTT`                                                                                                                                                                                                                   
  *P. p. leucocephalus*   `. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .`                                             
                          910                                                                                                                                                                                                                                                                  920   930   940   950                     
  *P. p. subgriseus*      `CGGAGCCAGGAGCTCCGCATGACACTCAGGGAGGTGCTGCTGTGCTCCTGGTGA`                                                                                                                                                                                                                                                       
  *P. p. leucocephalus*   `. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . .`                                                                                                                                                         

^a^ *P. p. subgriseus* lives on dark soils and has dark fur. *P. p. leucocephalus* lives on white sand beaches and has light-colored fur. Dots in the DNA sequence indicate nucleotide similarity to the sequence above.

Alcohol Metabolism in Fruit Flies
---------------------------------

The enzyme alcohol dehydrogenase (*Adh*) facilitates the conversion of ethanol to acetaldehyde and provides another example of how selection operates at the DNA sequence level. There are two common *Adh* alleles in populations of the common fruit fly *Drosophila melanogaster*: *Adh-S* and *Adh-F. Adh-F* is more efficient at metabolizing ethanol, but *Adh-S* is more effective at warm temperatures. When laboratory populations are selected for ethanol tolerance, *Adh-F* increases in frequency (e.g., [@B14]). When laboratory populations are raised at warm temperatures, *Adh-S* increases in frequency (e.g., [@B79]). In nature, most populations have both alleles, and as global temperatures have warmed, the *Adh-S* allele has increased in frequency ([@B78]). One nice feature of the *Adh* example is that it illustrates that adaptations often have trade-offs (i.e., heat tolerance is gained at the expense of rate of ethanol conversion).

Warfarin Resistance in Rats
---------------------------

Warfarin is an anticoagulant used in humans to prevent blood clots and thereby to avoid strokes. Warfarin is also a pesticide used to kill rats, and the history of this application provides a third example of natural selection at the DNA sequence level and an example of convergent evolution. Warfarin inhibits blood clotting by binding to subunit 1 of the enzyme vitamin K epoxide reductase, *VKORC1* ([@B47]; [@B65], [@B66]). This prevents *VKORC1* from binding to vitamin K, an essential step in blood clot formation.

Warfarin was first used as a pesticide to kill rats in the 1950s, and the first report of resistant populations appeared soon after ([@B7]; see [table 1](#T1){ref-type="table"} in Boyle for data that students could analyze as part of a classroom exercise or for homework). In the following decades, resistant populations of rats were identified around the world (see [table 1](#T1){ref-type="table"} in [@B61] for data and references). Interestingly, resistant rats were not all genetically the same. There is substantial genetic variation for *VKORC1* in rat populations ([@B61]; [@B67]), and several different alleles confer varying degrees of resistance to warfarin. Variation at amino acid position 139 ([@B61]; [@B67]) seems to have a particularly strong effect upon warfarin toxicity. This is not surprising; this amino acid is at the center of the putative binding site for warfarin. The wild-type codon for this amino acid is TAT, which codes for a tyrosine; rats with a tyrosine are susceptible to warfarin poisoning. Three mutations are present at this codon---TCT, TGT, and TTT---which code for serine, cysteine, and phenylalanine, respectively. All of these mutations have relatively high levels of VKOR activity in the presence of warfarin.

Many biology majors are preparing for careers in medicine and are likely to find evolutionary examples related to humans more engaging than discussions of field mice or fruit flies. Fortunately, many compelling examples are available; three of which are described below.

Antibiotic Resistance in Escherichia coli
-----------------------------------------

The emergence of antibiotic-resistant bacteria provides a dramatic example of how quickly evolution can occur. β-Lactam antibiotics are the most widely used group of antibiotics; examples include penicillin, amoxicillin, ampicillin, and cefotaxime---all of which have a β-lactam ring. Resistance to β-lactam antibiotics is mediated through hydrolysis of the β-lactam ring by the enzyme β-lactamase. Penicillin was first mass produced in 1943, and by 1947, the first penicillin resistant *Staphylococcus aureus* infections were found. By 1950, 40% of *S. aureus* isolates were penicillin resistant.

There are several classes of β-lactamases, and substantial sequence variation within each class that affects the degree of antibiotic resistance. For example, the TEM-52 allele in E. coli reported in 1998 is \>4000 times more resistant to cefotaxime than the wild-type E. coli allele TEM-1 ([@B64]; [@B82]). The TEM-52 allele differs from the wild type by three amino acid substitutions ([Table 2](#T2){ref-type="table"}; see [table 1](#T1){ref-type="table"} in [@B82]). [@B31] has shown in vitro that changing an additional nucleotide in TEM-52 would greatly increase its resistance (to 33,000 times greater than TEM-1 for cefotaxime) and predicts that such a bacterial strain will be someday be found in nature. One nice feature of this example is that the evolution of resistance requires changing multiple nucleotides. For this to occur, there must be a sequence of mutations for which each mutation increases antibiotic resistance. In vitro tests showed there were several such pathways that each increased the level of antibiotic resistance ([@B82]).

###### 

β -Lactamase DNA sequences in E. coli that have varying levels of resistance to the antibiotic cefotaxime[^a^](#TF2-1){ref-type="table-fn"}

                    10                                                                                                                                                                                                                                                          20    30    40    50    60    70    80    90
  ----------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----- ----- ----- ----- ----- ----- ----- -----
  TEM-1             `ATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAA`                                                                                                                                                                                                          
  TEM-52            . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               
  Super resistant   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               
                    100                                                                                                                                                                                                                                                         110   120   130   140   150   160   170   180
  TEM-1             `GTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCC`                                                                                                                                                                                                          
  TEM-52            . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             
  Super resistant   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                              
                    190                                                                                                                                                                                                                                                         200   210   220   230   240   250   260   270
  TEM-1             `GAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGTGCGGTATTATCCCGTGTTGACGCCGGGCAAGAGCAACTCGGT`                                                                                                                                                                                                          
  TEM-52            . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                              
  Super resistant   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                              
                    280                                                                                                                                                                                                                                                         290   300   310   320   330   340   350   360
  TEM-1             `CGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTA`                                                                                                                                                                                                          
  TEM-52            . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..                                               
  Super resistant   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..                                               
                    370                                                                                                                                                                                                                                                         380   390   400   410   420   430   440   450
  TEM-1             `TGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTG`                                                                                                                                                                                                          
  TEM-52            . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             
  Super resistant   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             
                    460                                                                                                                                                                                                                                                         470   480   490   500   510   520   530   540
  TEM-1             `CACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATG`                                                                                                                                                                                                          
  TEM-52            . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C.                                              
  Super resistant   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C.                                              
                    550                                                                                                                                                                                                                                                         560   570   580   590   600   610   620   630
  TEM-1             `CCTGCAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAG`                                                                                                                                                                                                          
  TEM-52            . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             
  Super resistant   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             
                    640                                                                                                                                                                                                                                                         650   660   670   680   690   700   710   720
  TEM-1             `GCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCT`                                                                                                                                                                                                          
  TEM-52            . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A. . . . . . . . . . . . ..                                               
  Super resistant   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A. . . . . . . . . . . . ..                                               
                    730                                                                                                                                                                                                                                                         740   750   760   770   780   790   800   810
  TEM-1             `CGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAA`                                                                                                                                                                                                          
  TEM-52            . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             
  Super resistant   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             
                    820                                                                                                                                                                                                                                                         830   840   850   860                     
  TEM-1             `CGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAA`                                                                                                                                                                                                                                                 
  TEM-52            . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                                                                                                                       
  Super resistant   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                                                                                                                       

^a^ TEM-1 is the wild-type sequence and has little resistance. TEM-52 is \>4000 times more effective in breaking down cefotaxime. The "super resistant" strain has only been made in the lab, but is 33,000 times more resistant than TEM-1. The "super resistant" strain has mutations A42G, E104K, M182T, and G238S as described in [table 1](#T1){ref-type="table"} of [@B82].

Human Immunodeficiency Virus (HIV) Resistance in Humans
-------------------------------------------------------

A provocative question for students is whether humans are evolving, and a classroom discussion on this topic is guaranteed to elicit numerous misconceptions (e.g., humans are evolving to be balder). One way to help clear these misconceptions is to present a plausible case of selection in humans, and the HIV epidemic provides such a case. HIV kills approximately 2 million people per year ([@B40]). Most people are highly susceptible to HIV infection, but people that are homozygous for a relatively rare allele at the *CCR5* locus are resistant. The *CCR5* locus codes for the C-C chemokine receptor 5 protein, which is a transmembrane protein on the surface of white blood cells. HIV enters white blood cells by binding to CCR5, and many HIV drugs work by interfering with this binding. *CCR5*-Δ*32* is a *CCR5* allele with a 32-base pair deletion (for review, see [@B33]). This deletion results in a nonfunctional receptor that inhibits entry of HIV into white blood cells. Individuals that are homozygous for *CCR5*-Δ*32* have a high level of immunity to HIV ([@B18]; but incidentally, an increased risk to West Nile virus infection, [@B24]). *CCR5*-Δ*32* has a frequency of approximately 0.10 in Europe but is virtually absent in Africa. To be protected from HIV infection, individuals need to be homozygous for *CCR5*-Δ*32*. With a frequency of 0.10 in Europe, we would expect the frequency of these homozygotes to be (0.10)^2^ = 0.01, which is a nice example of the usefulness of the Hardy--Weinberg principle.

Lactase Persistence in Humans
-----------------------------

The evolution of lactase production in humans provides another medically relevant example of natural selection. Lactose is a disaccharide sugar present in high concentration in milk that is broken down into the sugars glucose and galactose by the enzyme lactase-phlorizin hydrolase (lactase; note the opportunity to connect evolutionary biology with biochemistry). In most populations, children lose the ability to produce lactase after weaning. However, in populations that have had a long history of cattle domestications (e.g., Northern Europeans, East Africans), lactase production in adults is common (for review, see [@B84]). Variation in lactase expression in adults is caused by a dominant allele upstream of the gene for lactase. Changing a cytosine to a thymine (C to T) 13,910 nucleotides upstream of the lactase gene confers lactase persistence (for a discussion of the genetic basis of lactase persistence, see [@B77], and references therein). The T-13910 allele has an especially high frequency among Northern Europeans, most of whom can digest milk as adults. However, this allele is nearly absent among pastoralists in East Africa who are lactase persistent. [@B77] recently showed that East Africans have an alternative allele (C-14010) that also confers lactase persistence. This is a nice example of convergent evolution. Analysis of DNA sequence variation among East Africans suggests that the C-14010 allele arose in the past 7000 yr, and conferred a reproductive advantage of approximately 7% ([@B77]).

ELABORATED EXAMPLE OF TEACHING FOR CONCEPTUAL CHANGE WITH A DNA SEQUENCE
========================================================================

> "What professors do in their classes matters far less than what they ask students to do."
>
> Halpern and Hakel (2003)

Incorporating DNA sequences into natural selection instruction should increase student understanding of how populations evolve. However, as the quote by [@B32] implies, simply showing DNA sequences to students will not be as effective as using DNA sequences to get students to *think* about inheritance. Below, we describe how classroom instruction may use DNA sequences and teaching for conceptual change to introduce students to natural selection.

In the first chapter of *On the Origin of Species*, Darwin discussed how plants and animals have been bred to have desired characteristics, and used such "artificial" selection as an analogy to introduce how selection works in nature. The analogy is still powerful, and serves as an ideal introduction to natural selection (e.g., [@B17]). One of the most dramatic examples of the power of artificial selection is the creation of the diverse array of dog breeds from wolves (for a nontechnical review, see [@B46]), and a discussion of dog breeding provides an opportunity to introduce the genetic basis of selection. An instructor can begin such a discussion by telling the class that all dog breeds are descended from wolves, and asking the class "If you had a bunch of wolves, or perhaps a group of wolf-like dogs, and wanted a Chihuahua, how would you create one?" Students discuss the question in pairs.

The instructor then elicits responses from the entire class. A "correct" answer for this question is that Chihuahuas can be bred from wolves by selectively breeding small wolves with short faces and wiry tan hair for many generations. While soliciting responses, it is important that answers are obtained from a sufficient number of students that the full range of student answers is heard. This is important, because many students in the class will propose breeding Chihuahuas by raising wolves in a warm environment ("so they will not need such heavy fur") and providing them with plenty of food that is easy to eat ("so they become less aggressive and develop smaller teeth"). Such responses reveal the misconceptions that the environment causes individuals to evolve, and that traits evolve from their use or disuse.

Once a diversity of answers has been recorded on the board, and the class can see the need to reconcile the differences expressed, the instructor asks for comments on the feasibility of each proposal. This will create some cognitive conflict, and probably some confusion. Some students will clearly understand why raising wolves in domestic environments will not cause them to become Chihuahua-like. Others will not. The confusion can be resolved by making a connection to genetics. The instructor reminds the class that wolf pups grow up to be adult wolves because they have wolf genes not because they are raised in a forest. Wolves raised in a kennel or other domesticated environment will have the same genes and will still grow up to be wolves. Therefore, the breeding strategy of changing the wolf\'s environment will not work. In contrast, the selective breeding program will work because when a breeder preferentially chooses small, tan wolves to breed, he is selecting wolves with specific DNA sequences. The instructor shows the class DNA sequences for one of the genes that differentiate Chihuahuas from wolves. Body size in wolves and dogs is influenced by variation at the insulin-like growth factor 1 (*IGF1*) gene. Chihuahuas (and other miniature breeds) have an adenine at position 44,228,468 in the dog genome and wolves have a guanine ([@B75]).

A second example is then presented to reinforce the fact that selection---either artificial or natural---acts on genes. Leg length in dogs is affected by variation at the fibroblast growth factor 4 (*FGF4*) gene. Dogs with genotype *ll* have short legs and dogs with genotype *LL* have longer legs ([@B59]). Dachshunds, Pekingeses, and Basset Hounds all have genotype *ll*. After the instructor introduces this example, a few follow-up questions are useful. The instructor asks the class how effective a Chihuahua breeding program would be if the *IGF1* allele for small body size was not in the starting population, or what would happen to the *IGF1* sequence of Dachshunds released into wild. Because learning difficult concepts such as natural selection requires seeing multiple examples of the concept at work, additional examples are discussed in subsequent lectures.

SPECIATION, MACROEVOLUTION, AND THE HISTORY OF LIFE
===================================================

We have discussed how and why DNA sequences can be used to address student misconceptions relating to natural selection. We have emphasized natural selection in this essay because natural selection is one of the main components of evolutionary theory, and because student misconceptions regarding natural selection are widespread and persistent. However, we recognize that students also need to understand speciation, macroevolution, and the history of life ([@B12]). There has been less research on student misconceptions regarding these aspects of evolution ([@B4]; [@B28]), but it is clear that many students do not understand how one species can evolve into another (e.g., a fish into a frog). One source of difficulty is that many students unconsciously believe that individuals in a species share an innate, immutable essence that is responsible for the common features of the species ([@B26]; [@B49]; [@B52]; [@B70]). This worldview, called "essentialism," dismisses variation between individuals as unimportant, and makes natural selection, speciation, and macroevolution seem impossible. Historically, this type of thinking was manifested in the belief that speciation occurred via "saltations," mutations of large effect that instantly create new species ([@B48]). Many authors ([@B48]; [@B71]; [@B27]) have emphasized the importance of replacing essentialism with "population thinking" (i.e., recognizing individual variation as important) for understanding evolution, and we agree that this is important. Incorporating DNA sequences into natural selection instruction should be useful for highlighting genetic variation between individuals.

We also believe that students also need to understand the genetic basis of the differences between species to understand macroevolution, and this second point has not been made in most discussions of the constraints of essentialism. The precise genetic basis for phenotypic differences between species is seldom known, but there is no doubt that species are different because their genomes are different, which is to say they have different DNA sequences. This is a very important concept for students to understand. DNA is composed of a sequence of four nucleotides, and gene sequences for even distantly related species are often remarkably similar. Showing students DNA sequences from different species should demonstrate there is no reason why mutation and selection, operating gradually over a long time period, could not transform a species. Numerous examples are available. The classic example for eukaryotes is cytochrome *c*, which clearly shows that humans are genetically similar to other mammals ([Table 3](#T3){ref-type="table"}). The mitochondrial gene *NADH* is useful for illustrating relationships among primates, and the entire mitochondrial genome is useful for illustrating genetic relationships among people living in different parts of the world ([@B37]) or the relationship between Neanderthals and modern humans ([@B25]).

###### 

Partial cytochrome *c* DNA sequences for eight species[^a^](#TF3-1){ref-type="table-fn"}

  ------------ -------------------------------------------------------------------------------------------------------------------------------------------------
  Human        `CCACTACAACTCTTTCCGTTCTTCTAAAAATAATACTTCACAAGGGTCACGGTGTGGCAA`
  Chimpanzee   `. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A . . . . . .`
  Mouse        `. . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . C . . GT . . . . . . . C . . . . . . . . . . . . . . A . . C`
  Chicken      `. . T. . .T . . . . . . . . . C . . . . . . . . . . . . . . . . . . . . C . GGT . . . T . . . . . . . . . . . . . . A . . C . . .`
  Frog         `. . T. . . . . . . . . . . . . . . . . . . . . . . . . . TC . G . . . C . GGT . . . T . . . . . . . . . . . . . . . . . . A . . T`
  Trout        `. . . . . . T. . .GA . . C . . T . . . . . . CGT . . . C . GGT . . . . . . . C . . . . . . . A . . A . . A . .`
  Fruit fly    `. . . . . . . . . . . . . . . . . . . C . . T . . . . . . G . C . . GC . CGT . GCG . . GC . . . . . . . . . . . . . . . . .`
  Corn         `. . CT . GGGTTGACGA . . . C . . . . . . . G . . G . TC . GG . . . . . GC . C . . . . . . . . . . . . . G`
  ------------ -------------------------------------------------------------------------------------------------------------------------------------------------

^a^ The human sequence starts immediately after the start codon. Note that the chimpanzee sequence is almost identical to the human sequence and that as the table is descended, species are more and more different from humans.

For many genes, the rate of genetic change is approximately constant, so that the more closely related species are, the more similar their DNA sequences will be. This idea, the molecular clock, is covered in many introductory biology textbooks, and is one of the basic principles used to reconstruct evolutionary histories from genetic data. Classic examples of genetic differentiation between species show genes that have changed one nucleotide at a time, but mutation can take many forms, including insertion or deletion of sections of DNA, gene duplications, and entire chromosomal rearrangements. In addition, mutations affect not only the amino acid sequence of structural proteins and enzymes but also can affect gene expression and development. Discussing such mutations should take some of the mystery out of speciation and macroevolution.

DISCUSSION
==========

[@B56] estimated that 86% of second-semester biology majors in a traditional introductory biology course finished the course with at least one evolutionary misconception. These results are probably typical ([@B10]; [@B6]), and suggest that introductory biology courses are far less effective than instructors believe. If this is true, biology instructors may need to reassess how evolution is taught in introductory biology classes. Some instructors may conclude that natural selection is too difficult for introductory students to understand or is not worth the time required to teach effectively. We do not believe that such pessimism is justified. Natural selection may be difficult---almost impossible---to teach using traditional lectures. However, teaching methods specifically designed to address student misconceptions have not been assessed well enough to conclude that introductory biology students cannot learn natural selection. There is hope that carefully crafted learning exercises will help students recognize and replace evolutionary misconceptions, and we suggest that incorporating examples of DNA sequences into lectures on natural selection may be part of the solution.

The ultimate test of the approach we advocate is whether students replace misconceptions regarding inheritance with scientifically supported conceptions. The physics education literature shows that students can often successfully answer exam questions through rote memorization and pattern recognition ([@B30]), so assessment must be designed with care, and ideally, validated. The biology education community has just begun developing validated tests to measure student understanding of key biology principles ([@B44]; [@B72]), and one such test is available on natural selection. The Conceptual Inventory of Natural Selection (CINS; [@B2]) is a 20-question, multiple-choice exam that uses common misconceptions as wrong answers. [@B57] have argued that the test would benefit from refinement, but until revised or new versions are available, the CINS is easy to use and provides valuable feedback regarding student misconceptions. When we used the CINS for the first time, we were surprised at some of the answers that students selected, and this experience was invaluable for redesigning our course.

Preliminary data from our introductory biology course at Montana State University suggests that the DNA examples that we describe in this essay are useful for promoting a clear understanding of natural selection. One of us (S.K.) teaches a sophomore-level introductory biology course that covers evolution. The class meets three times a week for 50 min, and once a week for a 3-h lab ([@B41],[@B42]). Lectures used several of the above-mentioned examples of DNA sequences to illustrate evolutionary concepts. The CINS was administered at the beginning and end of a 7-wk unit on evolution that included three lectures on natural selection. Ten of the 20 questions on the CINS (questions 4, 6, 7, 8, 9, 13, 15, 17, 19, and 20) relate to genetic aspects of natural selection. The preinstructional class average for these 10 questions was 64%. After instruction, the class average rose to 88%. This increase in score represents a normalized gain ([@B30])[^1^](#FN1){ref-type="fn"} of 66%. There is very little other CINS data to directly compare these results to, but a 66% normalized gain compares favorably to gains achieved on other exams for which students harbored common misconceptions (e.g., [@B30]), and shows that the class overcame many of their misconceptions. We interpret this result as suggesting that our teaching practices are effective, but we acknowledge that a stronger study (i.e., one with a control) is required to draw firmer conclusions.

Natural selection and genetics are two of the most important ideas in biology but are difficult to understand when studied alone. Weaving DNA sequences into evolution education should improve student understanding. Because students need a strong conceptual framework of all biology to understand any biology, DNA sequences should be woven into instruction on biochemistry, physiology, and ecology---in short, all the topics covered in introductory biology courses. If this was done, students might have a better chance of understanding basic concepts such as natural selection.

Normalized gain is calculated as (*S*~1~-- *S*~0~)/(100 -- *S*~0~), where *S*~0~ is the average score on an exam before instruction (on a 100-point scale) and *S*~1~ is the average score on the same exam after instruction. It measures the proportion of the points that students missed on the initial exam that were not missed on the second exam.

This essay was improved by S. K.\'s recent participation in the National Academies "Summer Institute on Undergraduate Education" and by thoughtful comments from two anonymous reviewers. We thank BIOL 215 students at Montana State University for helping develop these ideas. This work was funded by the National Science Foundation grant DEB 0717456 and the Howard Hughes Medical Institute.
